Electromagnetic precursors have been investigated for a recent relatively large earthquake (EQ) with magnitude M=6.7 occurred in the Hokkaido Island, Japan on 5 September (UT), 2018 on the basis of coordinated data on the lower ionospheric perturbation with subionospheric VLF/LF propagation anomalies monitored in Japan and in Russia, on the upper F region anomaly with GIM (global ionosphere map) TEC (Total Electron Content) and on the stratospheric behavior with the use of ERA5 temperature profile data. It is found that there were observed the clearest VLF/LF propagation anomalies indicative of seismogenic lower ionospheric perturbations above the EQ epicenter on 4 and 5 September before the EQ and 6 September even after it because this period was geomagnetically quiet. As for the F region, an anomaly in TEC over the EQ epicenter appeared only on 5 September, but it is quite uncertain whether this anomaly is related to either a pre-EQ effect or a geomagnetic storm effect. Then, we have tried to find if there were some seismo-related AGW (atmospheric gravity wave) activities in the stratosphere, but though we have found a lot of anomalies, they are highly likely to be associated with the activities by convective weather systems. Even though we have recently identified the first convincing direct evidence on the Atmospheric oscillation hypothesis in the lithosphere-atmosphere-ionosphere coupling (LAIC) mechanism for the 2016 Kumamoto EQ [Yang et al., 2019] , this paper aimed initially to obtain further evidence on this channel. However, the above experimental findings may provide a negative result in this direction; that is, this Atmospheric oscillation channel is unlikely to be in operation for the present 2018 Hokkaido EQ, suggesting other channels in the LAIC effect. So we have made extensive discussions on this LAIC mechanism for this Hokkaido EQ with special reference to the 2016 Kumamoto EQ and the 2011 Tohoku EQ.
Introduction
It is recently agreed that electromagnetic phenomena do take place prior to earthquakes (EQs) [ 2018] are known to occur a few days to about one week before major EQs. The generation of those seismo-ionospheric perturbations is being envisaged in the context of lithosphere-atmosphere-ionosphere coupling (LAIC), which is the main goal of our EQ predictology, but is poorly understood at the moment.
There have already been proposed a few hypotheses for this LAIC. The first is "Chemical (and associated electric field)" channel [Pulinets et al 2018] , in which radon emanation is the main player, leading to the change in atmospheric electric field and then to the ionospheric perturbation. The similar "Electrostatic" channel has been proposed, in which stress-activated positive holes are generated on the Earth's surface, leading to the generation of a large electric field [Freund, 2009] . Whatever the agent of electric field generation either by radon or by positive holes, these two hypotheses are just through electric fields. The third is completely different from those channels, and is "Atmospheric oscillation (Acoustic wave (AW) / atmospheric gravity wave (AGW))" hypothesis [Pulinets and Boyarchuk, 2004; Lizunov and Hayakawa, 2004; Hayakawa et al., 2011; Yang et al., 2019] (often called simply AGW channel), in which water, radon, gas emanation etc. before an EQ could excite the AGW oscillations and those AGWs propagate upwards and obliquely and result in the lower ionospheric perturbations Lizunov and Hayakawa, 2004] .
There have been accumulated a lot of indirect evidence in support for the Atmospheric oscillation hypothesis in the LAIC [Hayakawa, 2011; Rozhnoi et al., 2013; Lizunov and Hayakawa, 2004] , and a summary of those evidence is given in Lizunov and Hayakawa [2004] . However, there has always been a serious criticism on this hypothesis that there have been no reports on any associated changes at the nearthe-ground surface or in the ground of exciting such AGWs. Recently a paper has been published on the This study has lent definite evidence on the Atmospheric oscillation hypothesis in the LAIC mechanism.
A further study has been carried out for the 2011 Tohoku EQ and has been submitted elsewhere again in favor of the Atmospheric oscillation channel [Yang et al, 2019] .
In order to elucidate the mechanism of LAIC, it is highly required for us to deal with more case studies as done in [Yang et al., 2019] with utilizing numerous observational parameters in different regions, i.e.
in the ionosphere (lower part and upper F region), in the stratosphere, and preferably in the lithosphere.
This paper is aimed to study a recent large EQ in Hokkaido with magnitude of M=6.7, with the use of VLF propagation data observed in Japan and in Russia for the study of lower ionosphere, GIM TEC data for the study of upper ionosphere, and reanalysis temperature profile data for the stratosphere, and finally we wanted to obtain further evidence on the Atmospheric oscillation hypothesis in the LAIC for this Hokkaido EQ. Nevertheless we have obtained intuitively the results in opposition to this direction, and so we will have extensive discussion on the LAIC effect for this Hokkaido EQ with special reference to our recent findings for the 2016 Kumamoto EQ and the 2011 Tohoku EQ
EQ treated in this paper
A rather big EQ happened in the Hokkaido Island at the geographic coordinates (42.69°N,142.01°E) on 6
September, 2018 at 3h 7m 59s JST (or 5 September, 18h 7m 59s UT). Its magnitude was M = 6.7 and its depth was 37 km. Despite this magnitude, the Japanese seismicity intensity reached the highest level of 7, which has never been recorded in Hokkaido before.
Possible EM precursors to this EQ
How about the precursors for the 2011 Tohoku mega-EQ? There were in fact precursors, although most of them were only recognized afterward. There are also encouraging signs for future developments in short-term prediction. This part is based on Hayakawa [2018] , mainly referring to the results by Japanese colleagues. However, we have also cited the corresponding some precursors by foreign scientists with WKN is located at the highest latitude in Japan, so that we are afraid that VLF data there might be influenced by geomagnetic activity. So we have plotted in the top panel of Figure 3 the temporal evolution of Dst as an index of geomagnetic activity in August and September, and we have found that these LF propagation anomalies are occurring during a period of low geomagnetic activity and so they are likely to be seismogenic. And the difference in the value of amplitude depletion can be satisfactorily explained in terms of the relative position of each propagation path to the EQ epicenter, as seen from Figure 1 . Another VLF anomaly is clearly seen on August 25, but this is apparent to be the effect of a geomagnetic storm on the same day. Figure 1 shows that the EQ epicenter was located well inside the Fresnel zone of JJY-WKN, and so we could expect a remarkable anomaly. On the other hand, the perturbed region or EQ preparation zone for this EQ is big enough [Dobrovsky et al., 1979 ] to overlap the propagation path of JJI-WKN, leading to the VLF anomaly, but less obvious. We will try to infer the scale of the perturbation later. Now we move on to the Russian VLF/LF results. Only the nighttime amplitude is presented in each hour in Figure 3 , nearly the same as in Figure 3 indicates the geomagnetic activity expressed by Dst (in nT), and the second refers to the occurrence (and magnitude) of EQs in Figure 1 . The period of early August till the end of August was geomagnetically quiet, but the late August to September was very disturbed geomagnetically because there occured a few geomagnetic storms. We can record on the path of JJY-PTK a clear anomaly exceeding -2σ on the days of 4, 5 and 6 September, just around the EQ date, but mainly before the EQ. So, a combination of these Russian VLF/LF results with the previous Japanese results in Figure 2 enables us to regard that the VLF/LF propagation anomalies on these days are likely to be a precursor to this EQ. Long-lasting and stronger (decrease in amplitude exceeding -2σ) anomalies are observed at PTK as in As mentioned before, the data at YHS are not so good because of discontinuities in the observation due to the failure of power supply, but we dare to present the VLF/LF data there. Figure 4 Here we attempt to estimate roughly the possible size of the lower ionospheric perturbation with making full use of the information from our VLF/LF network observation. In addition to the data from one particular station of WKN as presented in this paper, we have looked at the data at two more stations close to the EQ epicenter; one is Nemuro in Hokkaido and the other is Kisakata (Akita), and also we have examined the propagation characteristics for the foreign transmitters (NLK and NWC (The transmitter of NPM was under maintenance)). A whole combination of consideration of those propagation characteristics we can infer the radius of the perturbation is about 200 km when assuming a circular shape, and we think that it is located mainly above the EQ epicenter. But its western edge is not certain due to the limitation of our VLF network. We move on to the behavior of electron density perturbation in the F region of the upper ionosphere. The F region has the largest electron density and contains a widest range of altitude in the ionosphere. In the present study, we have used TEC (total electron content) representing the electron density in the upper ionosphere, because TEC is a reliable and easy means to obtain from a public dataset. The CODE (Center for Orbit Determination in Europe) GIM (global ionosphere map) is constructed from TEC data observed by GNSS (Global Navigation Satellite System) receivers around the world. The spatial resolution of this GIM is 5° (in longitude) by 2.5° (in latitude), and the temporal resolution is one hour. The details of TEC derivation and interpolation of the CODE GIM dataset are found in Schaer [1999] . We have checked the CODE GIM data file around the Hokkaido EQ date, and have found that two receivers at Shintotsukawa (Hokkaido) and Oshu (Iwate) are employed to build the TEC map, and so we think that the data quality around the epicenter is acceptable. Figure 5 . However, we are afraid that this is also a geomagnetic effect, because this kind of positive anomaly appears almost everywhere around the world, though the Dst index is about -20 nT, only a small disturbance. This is clearly depicted in Figure 6 of the global map on a particular date of 5 September of our greatest concern, of the accumulated hours of TEC positive anomalies (as exceeding either positive or negative 1σ). The accumulated hours of anomaly are 13 hours around the EQ epicenter, more than half a day, and this anomaly is more evident around Japan as compared with neighboring areas. However, 23.9% (1240/5183) of grid points around the world reach or even exceed this value (13 hours), and also the whole day (24 hours) positive anomaly could be found around Western Asia. Overall, the positive anomaly around the EQ epicenter is a significant one but not a unique one. It may be a superposition of both local (e.g., seismogenic) and global (e.g., geomagnetic) effects. When comparing this anomaly with the previous VLF/LF results, the VLF anomalies tend to take anything definite whether this TEC anomaly is due to either a geomagnetic effect or a seismic effect. Figure 6 : Global map of accumulated hours of TEC positive (in red) anomaly presumably related with an EQ on a particular day of 5 September, 2018 when a significant VLF anomaly appeared.
Upper ionospheric perturbation as detected by TEC data

Stratospheric effects. AGW effect
Yang et al. [2019] have proposed the use of ERA5 data in order to investigate the AGW activity in the stratosphere in the height range of 15km to 50km in order to obtain the direct evidence on the presence of seismogenic 
Summary and conclusion
Based on the analyses of subionospheric VLF data from Japan and Russia, GIM TEC data, and ERA5 temperature profile data, the following observational facts have emerged for a rather huge Hokkaido EQ on 5 September, 2018 (M=6.7).
(1) The most distinct anomaly has been identified from VLF data observed both in Japan and Russia. The clear precursory propagation anomalies have been observed on 4 September in Japan from the propagation paths of JJY-WKN and JJI-WKN and on 4-6 September from the JJY-PTK path. It is evident that the lower ionosphere above the EQ epicenter is disturbed before the EQ, and our network observation has yielded that the ionospheric perturbation is located mainly above the EQ epicenter with radius about 200 km.
(2) As for the GIM TEC data in the upper F region above the EQ epicenter, even though we have found an anomaly on 5 September, it is very uncertain whether it is attributable either to the geomagnetic storm effect or to the seismic effect.
(3) The stratospheric AGW activity has been investigated using the ERA5 temperature profile data and we have found that there were many AGW anomalies, but all are highly likely due to strong meteorological effects. So the seismic effect is not so clear.
With taking into account the above observational findings for this particular EQ, the most obvious is a clear precursor in the lower ionosphere before the EQ, and the region of this seismo-ionospheric perturbation is likely to be located mainly above the EQ epicenter with radius of about 200 km. Despite the presence of overhead location of the seismo-ionospheric perturbation, our study on whether any AGW activity is present in the stratosphere, has yielded a negative result: the absence of AGW activity in the stratosphere. These experimental data seem to provide us intuitively with negative evidence to the In order to examine this seeming inconsistency with the Atmospheric oscillation channel, we have thought that higher-frequency components (AW with periods less than 10 minutes) even in the Atmospheric oscillation channel might be involved in the LAIC effect, because these AW components tend to propagate vertically upwards unlike the AGWs, leading to the generation of ionospheric perturbation mainly above the EQ epicenter. Additionally we have to add that it is rather difficult to extract these AW components in the ERA5 data analysis. So we have checked the fluctuation spectra in the VLF amplitude data on the propagation path of JJY-YHS on the two days of 4 and 5 September before the EQ, and Figure 9 is the corresponding wavelet analysis results of VLF fluctuation. The upper panel of Figure 9 refers to 4 September, while the lower, to 5 September. It is clear from these figures that main frequency (period) components in VLF fluctuations are found to lie in the AGW range of T=20-30 minutes, but extending down to AW range. This result is inconsistent with our expectation.
The most salient feature of our Atmospheric oscillation hypothesis in the LAIC is apparent lateral (spatial) shift of ionospheric perturbation from the EQ epicenter as already emphasized in the cases of the 2016 Kumamoto EQ [Yang et al., 2019] and the 2011 Tohoku EQ. The present work suggests that the seismo-ionospheric perturbation seems to be generated over the EQ epicenter without any significant spatial shift. So that, it is unlikely that the atmospheric oscillation hypothesis is not working for this
Hokkaido EQ, and any other mechanism like Chemical or Electrostatic channel (both through electric fields) might be in operation. In this case we have to think about how to interpret the presence of AGW modulation in the VLF data. Needless to say, the primary agent of LAIC is definitely situated in the lithosphere, and we have to speculate the origin of those AGW components. There have been proposed a few hypothetical possibilities on this AGW modulation in the lithosphere: (1) source modulation by the global seismo-gravitational pulsations of the Earth (with periods of 1-3 hours) [Gokhberg et al., 1994] , (2) excitation of wide spectra of buoyancy oscillations as a result of destabilization of the thin near-surface atmospheric layer above the thermal anomaly [Tronin, 2002] . A further recent and interesting suggestion has been done by Chen et al. [2018] , who have shown, based on the GPS crustal movement observations, that the typical ground vibration in the period range from 1.5 to 3.5 hours (AGW range) were commonly observed 10-0 days before the major EQs (as a short-term precursor), and that they have attributed these ground vibrations to the crustal resonance at the natural frequency in the AGW range due to preEQrelated stress loading in the crust. If we base on this, the presence of crustal resonance at AGW frequencies results in the uplift and depression of Earth's surface in wide areas that would be the dominant ground motion exciting numerous pre-EQ anomalies including the atmospheric and ionospheric perturbation. So we can expect the existence of AGW modulation even in VLF data because any kinds of parameters in the lithosphere or lower atmosphere are modulated by the frequency of AGWs for any other LAIC hypotheses, either Chemical or Electrostatic. An alternative explanation of the inconsistency even by supporting the Atmospheric oscillation hypothesis may be the intrinsic propagation characteristics of AGWs from a transient source [Alexander and Holton J, 2004] . Taking into account the conclusions of this paper, we might suggest that seismogenic atmospheric oscillations once excited near the ground, have a smaller period (in the AW range) around the EQ epicenter and in the lower atmosphere, but those waves have a longer period (in the AGW range) away from the wave source and in the upper atmosphere and ionosphere, leading to the VLF fluctuations in the range of 20-30 minutes for our Hokkaido EQ as in Figure 9 .
Finally it is uncertain at the moment which one of the above two tentative explanations of the abovementioned discrepancy is more plausible, the authors may feel that the first possibility based on the crustal resonance in the lithosphere might be more probable, but unfortunately we have no lithospheric information such as ULF electromagnetic emissions [Hayakawa and Molchanov, 2002; Molchanov and Hayakawa, 2008; Hayakawa, 2015] because there is no geomagnetic observatory close to the EQ epicenter. As for this Hokkaido EQ, we need to try to find any other possible data related to the atmospheric and lithospheric activity to elaborate the present work and to give an answer to the above problem.
As the most general problem, we have to emphasize here that the most essential point of the study of LAIC effect will be the detailed comparison (both the temporal evolution and spatial distribution) of EQrelated ionospheric perturbation with the corresponding atmospheric, stratospheric and lithospheric data.
Especially spatial distributions of different parameters which have been poorly investigated so far, would play the main role in the LAIC studies. We are generally in favor of the Atmospheric oscillation hypothesis in the LAIC, so that we want to increase the number of EQ events in which the Atmospheric oscillation hypothesis is working as the main player. However, we do not deny other channels because it seems possible that Chemical, Electrostatic, or Atmospheric oscillation channel is switched on by different processes in the lithosphere and act independently [Lizunov and Hayakawa, 2004 ].
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